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PEEFAOE. 



The following pages are not intended for the use of 
very young students, bat rather for those who, having 
takeu such a course of physics as is now common in 
schools which prepare boys for college, would fit them- 

'^ selves to deal with the fuller developments or wider gen- 

o eralizations of physical science. 

) Such students might be referred at once to Clerk 

^ Maxwell's Matter and Motion ; but they would find in 

that book some things too difficult for them, and they 
would hardly be led by it to make for themselves those 
experiments which are for many students the only 
means of attaining sound and vital notions of general 
truths. Moreover, the term inertia, which the student is 
sure to encounter in his reading of physics and is likely 
to find used in more than one sense, is ignored by Max- 
well in the treatise mentioned. 

The author of this pamphlet had the good fortune to 
find the Harvard Physical Club, at its formation last 
spring, willing to devote several meetings to the discus- 
sion of his manuscript. By far the greater part of this 
discussion was given to the pages dealing with inertia 
and mass, and the final form which those pages have 
taken is due very largely to criticisms and suggestions,. . 



ir PREFACE. 

made at these meetings. It must be understood, how- 
ever, that the author takes the sole responsibility for the 
teachings of the pamphlet. 

My thanks are due to several friends who have assisted 
in preparing the manuscript for the press or in reading 

the proof-sheets. 

E. H. HALL. 
Cambbidob, October 18, 1886. 



ELEMENTARY IDEAS, DEFINITIONS, AND 

LAWS, IN DYNAMICS. 

Introductory. — Almost every beginner in the study 
of Physics has difficulty in mastering the ideas necessary 
for an intelligent handling of problems involving the con- 
sideration of masses undergoing change of motion. A 
large part of this difficulty arises from the fact that in 
such problems the student needs to use with a strict mean- 
ing terms that he habitually uses with a loose meaning, 
or with several meanings. The text-books do not always 
succeed in setting him right in this particular, and he may 
suffer for years under disadvantages which a few hours of 
study should remove. Popular significations need not be 
called incorrect by the scientific man, but frequently they 
are different from the scientific significations. Even sci- 
entific men do not always agree about definitions. 

An attempt is here made to define and correlate the 
ideas associated with the words Weight, Inertia, Mass, 
Force, Work, and Energy. In this process any one of 
these terms may be used before it is defined, in cases 
where the popular use of the term is sufficiently exact 
for the immediate purpose. One word, however. Force, 
which must appear very frequently in the following 
pages, has been used so loosely, in scientific as well as in 
popular writings, that it is well to give at once the fol- 
lowing provisional d efinition ; Force is a Push or a Pull. 

Weight. — It is one of the commcmest facts of obser- 
vation that bodies when unsupported fall toward the 
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earth. Whether the earth really attracts them, or 
whether they are by some other means impelled toward 
it, we do not know. The notion that the earth attracts 
them accounts perfectly well for the observed facts, and 
^s no other hypothesis that has been proposed accounts 
for them equally well, physicists hold and teach as an ex- 
tremely convenient and useful theory, if not a final fact, 
that bodies fall because they are pulled downward by the 
earth's attraction. With this explanation we shall hence- 
forth speak of this supposed attraction as if it were an 
established fact. 

It is another fact of observation that the earth revolves 
upon an axis, and it can easily be shown by experiment 
that the effect of this revolution must in some measure 
neutralize the earth's attraction, so as to make the ap- 
parent attraction slightly different from the real. The 
Weight of a body, in the scientific sense, is a forcBy which 
force is the apparent attraction of the earth. 

Since the earth is not a perfect sphere, since it is com- 
posed of different materials in different places, and since 
bodies near the poles revolve in a smaller daily circle 
than bodies nearer the equator, we might expect the 
weight of a body to depend somewhat upon its place on 
the earth's surface. Observation shows this to be true. 
A given body will stretch a spring-balance notore in re- 
gions far north or far south than in regions near the 
equator. 

At the equator and the poles the weight of bodies is 
directed toward the earth's centre. At other parts of the 
earth's surface weight is directed nearly, but in general 
not exactly, toward the earth's centre. Evidently the 
free surface of still water or any other liquid must be 
everywhere at right angles to this force. Such a surface 
is called a level surface. 

We ask here a question which will prove very impor- 
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tant when we come to speak of Inertia. When a body is 
placed upon a level surface in such a manner that it does 
not tend, from mere imperfect balancing, to roll or tip, 
does the weight of the body, as we have defined weight, 
either help or hinder the body's motion in any direction 
along the level surface, save by causing friction with the 
surface ? All experience goes to show that it does not 
do so ; that, in fact, no force in a given direction either 
directly helps or directly hinders motion in a line at right 
angles to the direction of the force. We shall therefore 
take it as settled, that upon a level surface the weight of 
a body affects motion only by causing friction. 

Suspending a body by a fine wire we can get rid of 
nearly all friction except that offered by the air. When 
a body is so suspended and is hanging at rest, any swing 
imparted to it will involve some ascent by the body 
against the earth's pull ; but if the wire u^ed for the sus- 
pension be a long one, the curved incline up which the 
body moves in leaving its equilibrium position will be at 
first very gradual. Ejcperience has taught every dne that 
the pull required to move a body, with uniform velocity, 
along such an incline, is very small compared with that 
force which we call the weight of the body. 

Inertia. — All this being understood, let us suspend a 
fifty-pound ball by a long wire, attach a string to the ball, 
and, taking the free end of the string in the hand, sud- 
denly move the hand horizontally away from the ball. 
As soon as the string is drawn straight, one feels that the 
hand is pulling^ that it encounters a resistance^ which is 
offered in some way by the ball at the other end of the 
string. If the hand be jerked violently, this pull may be- 
come so great as to break the string, even if the latter is 
strong enough to bear easily the whole weight of the 
fifty-pound ball. 

How can we account for this observed resistance ? Per- 
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sons anaecustomed to scientific definitions would try to 
account for it by saying that the ball is heayy. But to 
say that a body is heavy means strictly only this, that the 
body is strongly attracted by the earth, and we have seen 
that such attraction cannot in this case account for any 
considerable resistance. The resistance of the air is evi- 
dently inadequate to explain the observed fact. In short, 
the closest scrutiny fails to show any cause, external to 
the ball, which can account for the resistance offered by 
the ball and felt by the hand. We are thus led to the 
conclusion that the source of this resistance lies in the 
ball itself. This does not explain the resistance. It 
merely locates it, which is worth doing. 

In this experiment 9i, force applied to the ball set it in 
motion from rest, overcoming a certain resi%tance* In- 
vestigation leads us to conclude that no body ever starts 
from rest in any other way. If a body be already in mo- 
tion and we wish to make it move faster, the case is es- 
sentially the same ; a force must be applied because a 
resistance is to be overcome. 

If we provide ourselves with a heavy wheel, like a 
grindstone, mounted to revolve upon an axis, and a can- 
non-ball to roll along a level floor, we can try experi- 
ments in destroying motion or changing its direction* 
From all these experiments, if they be carefully made, 
we may draw this conclusion, which contains, in sub- 
stance, Newton's First Law of Motion : The application 
of a force is necessary for any change in the direction or 
magnitude of a hodys motion^ and this application of 
force is made necessary^ not hy any known external ob- 
stacle to such change of motion^ hut apparently hy the very 
nature of matter. Setting a body in motion is to be re- 
garded as a special case of changing its motion. 

In referring to the fact that bodies in certain circum- 
stances act in certain ways, it is customary to speak of 
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them as possessing certain properties. Thus, in describ- 
ing the behavior of steel wire we do not have to say that 
it can offer great resistance to a force tending to pull it 
apart. We express the same fact by saying that it has 
great tenacity^ for common usage declares tenacity to be 
that property of a body which keeps it from parting with- 
out the application of force. 

Following analogies like this, we for the sake of con- 
venience and brevity speak of that behavior of bodies 
which we have just been discussing, as due to a certain 
property of matter. This property is called Inertia. We 
say, then, Inertia is that property of matter which makes 
the application of a force necessary for any change in the 
magnitude or direction of a body*s motion} 

In experiments like those already suggested it will at 
once be observed that the force, or resistance, exerted by 
a body varies greatly with the conditions of the experi- 
ment, being sometimes large and sometimes small, ac- 
cording to the following general law : When the ball's 
motion is changed slowly, it offers a slight resistance, — 
a small force suffices ; when a considerable change is to 
be effected in a short time, we encounter a large resist- 
ance, — a great force is required. 

We must note here an important contrast between the 
act of setting a body In motion and the act of lifting a 
body. To lift a given weight requires a certain force ; it 
cannot be lifted by a smaller force. In setting a free 
body in motion there is no such limitation. Continued 
experiment with the suspended ball will prove, or furnish 
strong evidence tending to prove, that there is no definite 
magnitude, however small, which the applied force must 
attain before it can set the ball in motion. Hence we 
believe that a body free to move cannot remain at rest 
under the slightest force tending to set it in motion, al- 

^ See Appendix. 
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though its rate of acquiring motion may be very small, if 
the applied force be very small. All that is here said of 
Betting a body in motion is equally true of changing its 
motion in any respect. If a great mass be in motion, its 
motion can be slowly changed or destroyed by the small- 
est force, properly applied. 

We have spoken sometimes of the force which is ap- 
plied to a body to change its motion and sometimes of the 
resistance, or counter-force, with which the body meets 
the applied force. Each is necessary to the other. We 
could not exert force upon a body if the body offered no 
resistance. On the other hand, resistance would be im- 
possible if there were no applied force to be met. We 
shall call the counter-force, which a body in virtue of its 
inertia exerts to meet a force applied, the inertia-force. 

Inertia and inertia -force must be carefully distin- 
guished, as any property must be distinguished from the 
exertion of the same property, as bodily strength, for in- 
stance, must be distinguished from the exercise of that 
strength. We do not think that a man's strength has 
departed merely because, for the moment, he may not be 
exliibiting it. We do not think of a telegraph wire as 
losing its electric conductivity when, the battery having 
been detached, the wire ceases to conduct. We consfder 
a body as having inertia at all times, but its inertia-force 
exists only during change of motion, and may have any 
magnitude either great or small, according to the rate of 
change of motion. 

Usually, when a force is applied to a body, the resist- 
ance by which it is met is due, in part at least, to some 
other applied force. Thus if the given force tends to 
raise the body, gravity opposes it ; if the body rests upon 
a rough surface, friction will oppose its motion along the 
surface. When in such cases the opposing applied forces 
are equal, they neutralize each other, and there is no 
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change of motion, and hence no inertia-force is developed. 
If one of the opposing applied forces is greater than the 
other, the greater will prevail and a change of motion 
vrill occur, occasioning an inertia-force, which will work 
with the smaller applied force against the greater. 

Let us now, beside our suspended fifty-pound ball, 
suspend in the same way by another wire a much smaller 
ball of the same material. Experiment will at once 
show that to give the same velocity in the same time to 
both balls a larger force must be applied to the large 
ball than to the small one. 

Mass. — This fact suggests a method of comparing 
what is called the quantity of matter in one body with 
that in another body. But before setting forth the 
method in detail, we must consider what is meant by the 
phrase quantity of matter. 

We have knowledge of matter only through its prop- 
erties. We can compare bodies only in respect to these 
properties. When we are asked to determine whether a 
certain body of one material contains more or less matter 
than a certain body of another material, the problem is 
in its nature not unlike that of deciding which of two 
unlike men is to be considered the greater. If this latter 
task were before us, we should find it necessary to select 
some one or more particulars in which the men acted 
alike, or produced similar results. We might thus be 
able to decide that in this or that respect one man was 
greater than the other, but it is not unlikely that he who 
was found to be greater in some particulars would prove 
to be less in others. In coming to a conclusion two 
courses would be open to us, to frame an opinion with 
reference to all particulars that, on the whole, the one 
man was greater than the other, or to select some one 
important particular, disregarding all others, and, trying 
each man by this, declare him to be greater or less ac- 
cording to the issue of this single test. 
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The first course would give us a loose judgment ; the 
second, a strict judgment upon a limited and arbitrary 
basis. This latter judgment would be false, if announced, 
or habitually used, without recognition of its limitations, 
but might be highly advantageous, if its conventional 
character were borne in mind. For loose ovrthe-whole 
judgments, science has comparatively little use. So when 
scientific men say, for instance, that a certain piece of 
gold and a certain piece of silver contain, or consist of, 
equal quantities of matter, they mean that both bodies, 
whatever may be their inequality in other respects, are 
exactly alike in regard to some one highly essential par- 
ticular. 

There are several characteristics belonging, so far as 
we know, to all kinds of matter, which force themselves 
habitually upon our attention and are of such a nature 
that we turn to them, when we attempt to estimate the 
quantity of any aggregation of matter. 

These characteristics are : — 

Matter occupies space ; 

Matter attracts matter ; 

Matter requires the application of force to change its 
motion. 

These facts are here put in this order, because this is 
the chronological order in which they are first recognized 
by every student. 

If we were to compare two bodies of different ma- 
terial by the three tests thus suggested, we should 
find, in general, that, if the bodies had equal volumes, 
they would not weigh alike and would not require equal 
forces to produce equal changes of motion in equal times. 
We shall call these three tests the volume-test^ the weight' 
test, and the inertia-test, respectively. Since they do 
not all agree, which one shall be selected and agreed 
upon as the best ? 
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To a child the volume-test is the natural one, perfiaps 
the only one he can apply or imagine. As he grows 
older, he observes that bodies may change in volume 
without addition or subtraction of substance, and that 
in such cases the weight remains constant. He there- 
fore comes to prefer the weight-test to the volume-test. 
Continuing, he learns that a given body does not weigh 
the same at all parts of the earth's surface, and that in 
regions of space far from the earth, where nevertheless 
science has to deal with matter, the aspect of weight, if 
we regard it at all, is quite changed. He finds, however, 
that there is every reason to believe that a given body, 
in whatever part of space it might be placed, would re- 
quire the same force to give it the same velocity in the 
same time. He therefore in the end comes to regard the 
inertia-test as more widely applicable than the weight- 
test. He now agrees with other physicists that two bod- 
ies which are equal in the inertia-test shall be said to 
contain, or consist of, equal quantities of matter. 

As an equivalent for the phrase quantity of matter^ 
the word Mass is commonly used. Equal Mo^bbb^ then, 
are, by definition^ quantities of matter which, whatever 
their inequality in other respects^ are alike in this, that 
they require equal forces to give them equal velocities in 
equal times,^ ' 

In spite of this fact, that by definition the inertia-test 
is the basis for the comparison of masses, they are in 
practice very seldom compared by direct application of 
this test. The reason for this is that the inertia-test is 
difficult to apply/ Moreover, whenever it is applied with 
great care and accuracy, it is found that bodies which 
are equal in this test are equal in the weight-test also, 
both bodies being weighed at the same place. Hence, if 
our task is simply to compare the masses of two bodies 
which can be brought to the same part of the earth's 

^ See Appendix. 



10 MASS. 

surface, we get with very little difficulty by weighing 
the same result of comparison that we should get with 
great difficulty by applying the inertia-test directly. 

This agreement of the weight-test and the inertia-test 
is of great practical convenience to us in general, but it 
has its inconvenient side, for in comparing masses habit- 
ually by weighing there is danger of overlooking the im- 
portance of inertia, and this neglect leads to very absurd 
conclusions, when one undertakes to imagine the be- 
havior of bodies emancipated wholly or in part from the 
influence of gravitation. 

For the very reason that the inertia-test is seldom em- 
ployed, it may be well to describe with some detail a 
simple and rude example of its use. To avoid confusion 
of ideas it will be well to make- this process free, as far as 
possible, of all reference to gravitation. We will, there- 
fore, following the suggestion given in Maxwell's " Mat- 
ter and Motion," take elastic strings as the means for 
applying the necessary forces. Thin strips of india-rub- 
ber found in toy-stores serve well for this purpose. Take 
two such strips equal in length and as like as may be in 
width and thickness. Put these strips in line, the end 
of one slightly overlapping the end of the other. Clamp 
these joining ends firmly together and then stretch the 
whole line until it is two or three times as long as when 
unstretehed, and fasten it in this condition. Probably 
one strip will have stretched less than the other. If so, 
trim its edges until the clamp which holds the joining 
ends of the strips is drawn to the middle point of the 
whole line. The strips may now be separated. Here- 
after they will, until their properties suffer some change, 
exert equal pulls when equally stretched. Provide now 
a pair of roller-skates, of the simplest pattern ^ but well 

^ Such skates have been for sale recently at ''junk " and hard- 
ware stores in Boston for twenty-five or fifty cents a pair. 
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oiled so as to run as freely as possible. Place these side 
by side on a level surface and to each skate attach one 
end of one of the rubber strips, making the strips par^ 
allel to each other and to the running direction of the 
skates. Fasten the free ends of the strips to some fixed 
object in such a way that the strips, when stretched by 
moving the skates, may be parallel to the surface upon 
which the skates rest. Upon each skate place a chalk- 
box containing sand. 

If it were not for the disturbing action of friction, we 
could now apply the inertia-test with the greatest ease 
and decide at once, with considerable accuracy, which 
box, with its contents, has the greater mass. It would 
be necessary merely to draw the skates along side by 
side, so as to stretch the attached strips equally and to a 
considerable extent, then release them at the same time 
and observe which one was drawn back the more slowly. 
The load upon this skate, we should reason, would re- 
quire a greater force to make it keep pace with th^ 
other, hence it must have the greater mass. (This rea^ 
Boning of course assumes, as we shall assume throughout, 
that the skates themselves are of equal mass.) By trans- 
ferring sand from one box to the other we could make 
the two loads equal in mass, which condition of things 
would be indicated by the skates keeping together in 
their motion, ^ 

But friction complicates the case. To meet this diffi- 
culty make each skate to run on a straight, smooth board, 
so inclined that the skate with its load will, once started, 
the rubber strip being detached, r oll with uniform veloc« 
ity down the incline. If one skate naturally runs less 
freely than the other, this skate will require the steeper 
incline. The whole influence of friction is now neutral- 
ized by the slight pull of gravity along the inclines and 
the elastic strips have to deal with the inertia-forces 
^ Compare with Lodge's ElemerUary MedhanioSf p. 43. 
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alone, so that we may proceed with the test as if we had 
frictionless skates rolling upon a level surface. 

In this test we start with forces known to be equal, 
and by means of these equal forces obtain equal masses. 
If we had started with masses known to be equal, we 
could by a very similar experiment have obtained equal 
forces. 

Units. — We can hardly go farther without the notion 
of units. All so-called measurement consists in deter- 
mining that the quantity measured is a certain number of 
times as great (this number may be integral or frac- 
tional) as another quantity of the same kind, which quan- 
tity is called the unit quantity. The unit used is not al- 
ways the same in measuring quantities of the same kind. 
Thus we may say that a certain line is ten feet long, that 
another is six inches long ; that one body contains one 
hundred pounds of matter, that another body contains 
ten ounces of matter. In these examples the footr and 
the inch are both used as units of length, and the pound 
and ounce as units of mass. Similarly, we have various 
units of force, velocity, energy, etc. 

It would be possible to ma^e for each kind of phys- 
ical quantity a set of units without reference to those 
chosen for any other physical quantity, but since these 
various quantities are closely related, and since we are 
obliged continually to take account of their relations in 
physical problems, convenience requires that we take ac- 
count of these relations in choosing our several kinds of 

units. 

It is well known to physicists that we can, after se- 
lecting three units of different kinds, which units may be 
entirely independent of each other, base upon these three 
all other units needed in the measurement of purely 
physical quantities. This will become plainer as we 
proceed. The three units usually selected as simple^ ot 
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fundamental, nnits are units of mass, length, and time ; 
for instancy, the pound, foot, and second, or the gramme, 
centimetre, and second. We shall not just here name 
specific units, but shall speak in general terms of the, or 
a, unit of mass ; the, or a, unit of length ; the, or a, unit 
of time; and, in equally general terms, of other units 
based upon these. 

Starting with our fundamental units of mass, length, 
and time, we will define first, as one of the simplest de- 
rived units, that of velocity, which is the velocity that, 
maintained uniform, will carry the body possessing it a 
unit of distance in a unit of time. 

We will consider next the definition of a unit of force. 
If we follow the general practice of English-speaking 
people, we shall take as the unit of force the pull of 
gravity upon a unit of mass. This definition makes no 
I use of the fundamental units of length and time. It is 
» based on the unit of mass and the earth's attraction. 
Another kind of force-unit, for which the preceding 
pages have prepared us, is defined as follows : That force 
whichj acting for a unit^ime upon a unit-mass^ mil give it 
unit-velocity. Since unit-velocity is defined by means of 
unit-distance and unit-time, this second definition of a 
force-unit is based solely upon the units of mass, length 
(distance), and time. The idea of unit-time is really 
introduced twice therein, once explicitly, and once by 
implication in the idea of unit-velocity. 

The two definitions give quite different kinds of force- 
units. From the first we get what is called, for an obvi- 
ous reason, the gravitation unit of force. We have al- 
ready noted, in speaking of Weight, that the pull which 
the earth exerts upon a given body is different at differ- 
ent parts of the earth's surface, and of course it would 
diminish indefinitely if the body were moved farther and 
farther from that surface. Hence the gravitation unit 
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of force, as defined above, is variable, increasing and di- 
minishing in turn as we go from place to place. The 
unit given by the second definition is not subject to such 
changes. It is called, therefore, the absolute unit of 
force. It is called also the kinetic unit (from Kivi<o)j 
because it involves the idea of setting matter in motion. 

It must not be supposed that the gravitation unit is 
used only in cases where gravity is involved, or that the 
absolute, or kinetic, unit is used only in cases involving 
change of motion. Either unit may be used in measur- 
ing physical forces under all conditions. The gravitation 
unit, being much simpler in definition than the absolute, 
or kinetic, unit, is the older and more familiar. In spite 
of its local variations, it is accurate enough for purposes 
of ordinary business, and when greater accuracy is re- 
quired, the gravitation unit may be fitted for the demand 
by defining it as the pull of gravity upon the unit mass 
at some designated spot upon the earth's surface, Lon- 
don, for instance. The absolute unit is, however, so 
much more convenient to use in cases involving change 
of motion, and such cases are so very numerous in the 
problems of science, that this unit is generally used by 
physicists. 

We will now consider certain specific units of mass, 
length, time, and force. The English-speaking world 
uses generally as units of mass, the pound, ounce, grain, 
etc., the magnitudes of which bear to each other fixed 
and simple ratios. Of these the pound is considered the 
basis, and the English government keeps a certain piece 
of platinum which is by Act of Parliament declared to be 
the legal standard of mass (weighty in the language of the 
Act). 

English units of length in common use are the yard, 
foot, inch, etc., which, like the units of mass just named, 
are in magnitude simply related to each other. Of these. 
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the English goyernment regards the yard as the basis, 
and it preserves a certain bar as a standard yard. Phys- 
icists more frequently use the foot as the unit of length. 

Common units of time among English-speaking people 
are the year, day, hour, and second. For accurate scien- 
tific purposes it is customary to take as the unit of time 
the second of " mean solar time.^^ ^ 

For the English system, then, we have as the funda- 
mental units, the pounds the foot^ and the second. The 
corresponding unit of velocity is that of a body moving at 
the rate of one foot in one second. The gravitation unit 
oi force is the pull of gravity upon a mass of one pound. ^^>tW-m^ 
This/orce also is called a pound. We have thus 2l pound- ' y 

mass and a pound-force^ each of which is frequently called 
a pound. A similar ambiguity attaches to the names of 
other mass-units, and should be carefully noted. 

The absolute unit of force in the English system is that i^ / /^ 
force which, acting upon the ^ pound-mass for one seconds ^^^'^'^^y^Mi 
will give it a velocity of one foot per second. In com par- ' 
atively recent years the word Poundal has attained consid- 
erable currency as the name of this absolute unit of force. 
It previously had no one-word name. The ratio of the 
poundforce to the poundal will be discussed a few pages 
farther on. 

There is another system of units which has been 
adopted very generally by physicists. Its fundamental 
units of mass, length, and time are the gramme, centime- 
tre, and second. The whole system of fundamental and 
derived units is called the Centimetre-Gramme-Second, 
or C. G. S. system.^ The gramme and centimetre of 
this system were chosen without reference to the Eng- 
lish pound and foot, and there is no simple and exact 

^ For a fuller account of the English units of mass, length, and 
time, see Maxwell's Theory ofHeat^ chap. iv. 

3 See Maxwell's Theory of Heat, chap, iv., and the Appendix to 
Everett's Units and Physical Constants. 
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itio to connect the mass-units or the length-units of the 
two systems. The time-unit is the same in both sys- 
tems. The fundamental units of the C. G. S. system 
were adopted from the French, but the full development 
of the system is due to the British Association for the 
Advancement of Science. 

The gravitation unit of force corresponding to this sys- 

^^^^''•'•'*^- wvt^tem is the juU of gravity upon a mass of one gramm e. 

^ The absolute unit of force in the system is that force which 

yt^yji^ acting on the .Qramme-maas for onp. f^f.Mnd tmJJ ^jve it a 

/ velocit y of one centir^^tr^- p^r ^P.nrm d. It is called the Dyne, 

Force. — Having now obtained a proper notion of 
units, which enables us to speak intelligently and defi- 
nitely of magnitudes, we are prepared to state more 
fully the law which governs the effects of forces acting 
to change the motion of masses. In this statement we 
shall, except where the contrary is expressly declared, 
consider forces as measured, in absolute units. We shall, 
moreover, assume each force while acting to be constant 
in magnitude and direction. The statement may be put 
in the form of questions, with the answers that experi- 
ment yields : What velocity would unit-force impart to 

m units of mass in one second ? Ana, v = — . 

m 

What velocity would unit force impart to m units of 

mass in t seconds? Ans, t; = — . 

What velocity would / units of force impart to unit- 
mass in one second ? Ans. V =f. 

What velocity would/ units of force impart to m units 

of mass in one second ? Ana. w = — . 

ffi 

What velocity would/ units of force impart to m units 

ft 
of mass in t seconds ? Ans, v = -. 

Since /^ f, and m may be any numbers whatever, the 
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last equation implies the others, and is the general law 
connecting velocity imparted, force, time, and mass, un- 
der the conditions stated above. Any three of these four 
quantities being given, the fourth is at once obtained by 
means of this equation. 

Certain forms which this equation may take are of 
special interest. Let us, for instance, write it thus : 

/= — . Now, the product, wv, is called the momentum 

of the mass w, moving with the velocity v. This latter 
form of the equation may, therefore, be thus interpreted : 
Co^/iTl Ajforce is measured hy the momentum it can impart to any 
^ boay whatever^ divided by the time occupied in imparting 

it; or more briefly, a force is measured hy the momentum 
it can impart in one second. Put in the form mv =fty 
the equation means this : the momentum imparted to any 
mass by any force in any length of time is equal to the 
product of the force and the time. This statement, taken 
with the fact that the velocity imparted by a force is in 
the same direction as the force, is equivalent to Newton's 
SefiOTK^ Law of Motion^ a a stated and interpreted in Max- 
well's " Matter and Motion." 

The formulas given above may at first appear to be ap- 
plicable only to the case of a force acting alone, and set- 
ting a body in motion from a st^te of rest. 'But even if 
the body be moving, in any direction whatever, before 
the force begins to act, or if several forces act, in any di- 
rections whatever, simultaneously upon the body, all that 
is said above concerning the action of a single force is still 
applicable in this sense, that the resultant momentum, 
after any lapse of time, is to be found by calculating the 
effect which any and every force engaged would have 
produced working alone, and then combining the results 
according to the rules for the composition of velocities or 
forces, the original momentum entering as one of the com- 
ponents. 
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These formulas hold for the English and the C. G. S. 
systems of units equally well, but of course they would 
not hold for a mixture of the two systems, such, for in- 
stance, as reckoning force in dynes and mass in pounds. 
Nor do they hold, in the forms given, when the force is 
me asured in gravitation units. We can now easily dis- 
cuss the ratio of the gravitation and absolute units of 
force corresponding to any given unit of mass ; for in- 
stance, the pound-force and the poundal. The pound- 
force, that is, the earth's pull upon a pound-mass, acting 
upon this pound-mass for one second, gives it a velocity 
of about 32 feet per second. Hence, the pound-force is 
about 3S times as great as the poundal. In fact, it is 
evident that the ratio of any gravitation unit of force to 
the corresponding absolute unit of force is given by the 
so-called acceleration of gravity ^ which is usually denoted 
by the symbol g. Hence, if a force employed to set a mass 
in motion be expresse d in gravitation units, the general 

"— " ' ; '^ ft 

formula f or the velocity imparted will be v=^ — . In 

the C. G. S. system the value of g is about 981. 

We have now spoken repeatedly of a force applied to 
a body, but it must be observed that every force implies 
an action between two bodies, or two parts of the same 
body, and that this action produces an effect upon each 
of them. The following quotations touching this subject 
are passages from Maxwell's " Matter and Motion " : — 

" The mutual action between two portions of matter 
receives different names according to the aspect under 
which it is studied, and this aspect depends on the extent 
of the material system which forms the subject of our 
attention. 

" If we take into account the whole phenomenon of the 
action between two portions of matter, we call it Stress. 
This stress, according to the mode in which it acts, may 
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be described as Attraction, Repulsion, Tension,> Press- 
ure," etc. 

" But if . • . we confine our attention tp one of the por^ 
tions of matter, we see, as it were, only one side of the 
transaction — namely, that which affects the portion of 
matter under our consideration — and we call this aspect 
of the phenomenon, with reference to its effect, an Ex- 
ternal Force acting on that portion of matter, and with 
reference to its cause we call [ it ] the Action of the other 
portion of matter. The opposite aspect of the stress is 
called the Reaction on the other portion of matter." 

These passages are quoted here mainly for the defini-^ 
tions they give. The facts which they state will proba- 
bly be recognized as such by all who read them. We 
proceed to compare the magnitudes of the effects pro- 
duced upon two bodies by their mutual action. 

Much can be learned in this connection by experiments 
upon the collision of suspended balls, elastic and inelas- 
tic, swinging in arcs of equal radii and placed so as barely 
to touch each other when hanging at rest. There* is, how- 
ever, a certain advantage in using some arrangement that 
permits the bodies experimented upon to start, under 
the influence of their mutual action, from evident rest. 
We shall describe a rude contrivance that does this, and 
which illustrates the law of action and reaction with suf- 
ficient approach to accuracy to make it instructive. 

Take two pint tin pails, with covers, and remove the 
handles. Into each of the holes from which the handles 
have been removed fasten a string. Suspend each pail 
by the two strings thus attached, making the suspension 
as long as practicable, and having the two strings diverge 
so as to be one or two feet apart at the top. Let the two 
pails, so arranged as to swing in the same vertical plane, 
hang at the same height and nearly touching each other. 

Provide now a rather stiff piece of clock-spring, about 
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ten inches long and half an inch wide, and fasten one end 
of this to the outer side of one of the pails in such a way 
that, when the spring is bent over in a smooth arch, the 
other end will come between the pails and reach a little 
below their middles. Fasten this end in place there by 
means of a thread in such a way that it can be at once 
released by burning off the thread. 

Fill the pails with sand, put on the covers to prevent 
spilling, and burn the thread. If the masses are equal, 
the pails will by the action of the released spring, which 
remains fastened to one of the pails and is to be consid- 
ered a part of it, be sent off in opposite directions with 
equal velocities, and each may, if the suspensions are ten 
feet long, swing a foot and a half from its position of rest. 

If the sand in one pail be replaced by something heav- 
ier, and that in the other by something lighter, so as to 
make the mass of one pail and its contents n times as 
great as that of the other pail and its contents, and the 
experiment be now repeated, the lighter pail will swing 
about n times as far as the heavier. Swinging n times 
as far along the arc of a circle, it will ri%e v? times as far, 
which implies an original velocity n times as great as that 
of the other pail. 

In this experiment, then, however the masses may dif- 
fer, the momentum received by either of the bodies from 
their mutual action is equal to that received by the other 
and opposite in direction. A like result will be obtained 
in any experiment whatever which shows the mutual ac- 
tion of bodies. We are thus led to Newton's Third Law 
of Motion, which is stated by Maxwell as follows : " Me- 
action is always equal and opposite to action^ that is to say^ 
the actions of two bodies upon each other are always equal 
and in opposite directions'*^ 

The law, reaction is always equal to action^ is readily 
accepted in its abstract form by young students, but 
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many of its applications they are inclined to reject. Im- 
agine two men, A and J3, pushing against each other, and 
so balanced that neither is gaining any advantage. It is 
easy to see that in this case A pushes against B just as 
hard as B pushes against A. But let A be gaining an 
advantage, so that B is pushed backward : is B now push* 
ing against A as hard as A is pushing against Bl Per* 
haps nine persons out of ten would answer no, although 
in so doing they would virtuially deny the truth of the 
law, reaction is always equal to action. 

The difficulty here should not be great for those who 
have read the preceding pages with care. The case is 
this : A is trying to push himself forward, and he en- 
counters an opposing force at the surface of contact with 
B. B is trying to push himself forward, and he encoun- 
ters an opposing force at the surface of contact with A* 
Will A go forward, or will he not ? Will B go forward, 
or will he not ? A will go forward, if the push which he 
gives himself is greater than the opposing force he meets 
at the sur&ce of contact with B. B will go backward, if 
the push he gives himself is less than the opposing force 
he meets at the surface of contact with A. Now these 
conditions, which insure that A shall prevail over B^ are 
evidently quite reconcilable with the further condition, 
which the law, reaction is equal to action^ requires, that 
the push of A against B shall be neither greater nor less 
than the push of B against A. 

Shall we say, then, without qualification, that A pushes 
no harder than B ? No, We must observe the full sig- 
nificance of the phrases, against B^ against A. The force 
which A exerts from behind to push himself forward, the 
viV a tergo^ may be greater than the corresponding force 
which B exerts. If so, t he excess of ^'s vis a tergo over 
^'s is spent in overcoming the in eHiarfoT^e v^identto 
Isettingtnrmotion the bodies of the two men. 
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At the beginning we defined a force, provisionally, as 
a push or a pull ; and in no case in these pages has the 
word force been used in such a sense that it cannot be re- 
placed by one or the other of the words push and pull, 
provided these terms are interpreted with sufl&cient liber- 
ality to make them cover attractions and repulsions exist- 
ing without visible means of communication. It may, of 
course, be objected that the words push and pull are as 
difiicult to define formally as the word force, but their 
merit is that they can be taken at once without being 
defined, since their habitual use in non-scientific speech 
is far more exact than that of the word force. 

As a type of the more common definitions of force 
the following will serve : " Force is whatever changes or 
tends to change the motion of a body by altering either 
its direction or its magnitude." This definition is a good 
one for a person who already knows what a force is and 
what it is not, but it probably never conveys at once the 
proper notion to a young student. Let us apply it to 
the case of a horse starting a cart. What is it that here 
* changes the motion ' of the cart ? The natural answer 
is, the horse. Is the horse, then, z. force? Not in the 
scientific sense, and not according to the intention of the 
definition quoted. This definition, with its ambiguous 
phrase " whatever changes," is not, then, a good one for 
elementary teaching. 

Such phrases as the forces of nature^ which are useful 
and almost indispensable, use force in a different sense, 
but these are scarcely to be considered scientific expres- 
sions. In connection with the subject of Energy will be 
pointed out one of the evil results of a failure to perceive 
clearly the different meanings of the word force. 

Work. — In popular language a man may be said to 
do work in merely sustaining a load. Science reserves 
the word work for cases in which some change is wrought. 
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and does not credit the performance of work to a man 
so occupied. His condition may cause certain operations 
in his body that will occasion fatigue, and that may, 
in the scientific sense, be called work ; but, so long as 
he is not changing the condition or position of his load, he 
is not, according to the terms of science, doivig work upon 

that load. 

Maxwell says, in his ** Theory of Heat," " Work is done 
when resistance is overcomeJ^ Students sometimes mis- 
understand the word overcome in this connection, saying 
that we overcome the force of gravity when we merely 
prevent a body from falling. To overcome resistance^ in 
the sense of the definition given, is to effect or assist mo- 
tion against resistance. The body which overcomes the 
resistance is said to do work upon the body which offers 
the resistance. In certain cases, if not in all, either of 
the two bodies, according to our point of view, may be 
regarded as doing the work. This matter will be briefly 
discussed in connection with Energy. 

The resistance overcome may be any one of a wide 
variety. It may be due to gravity, to friction, to elec- 
trical or magnetic action, to elasticity, etc. It may be 
due to inertia, as we have seen ; work is required to set 
a body in motion ; if this were not so, the body could do 
no work in losing its motion. 

The unit quantity of work is defined, in general terms, 
as the work done by the unit force overcoming the corre-' 
sponding resistance through a unit distance. 

If we select some particular unit of force, — for in- 
stance, the poundal, which is an "absolute" unit, — and 
take the foot for our particular unit of distance, and re- 
peat the above definition vriith these units, we get the 
definition of a particular unit of work, which may be 
called the Foot-Poundal^ an " absolute " unit of work. If 
we select as our particular unit of force the pound, a 
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'' gravitati<»t ^ onit, and for oar unit of distance the foot, 
\vo obUiin the definition of a different particular unit of 
work, th^ Foot-Pound^ a ^'^ gravitation^^ unit of work. 

Ubvioualy, we may so select our units of force and dis- 
taiw^ as to get absolute units and gravitation units of 
work ia other systems. Thus we get the Erg^ which is 
th<> amoimt of work done by a dyne acting a centimetre^ 
and th<^ Kilogramme-Metre^ which is the work required 
to lift one kilogramme a distance of one metre. 

Vvom the definitions given it is evident that in point 
of magnitude the gravitation unit of work bears to the 
t^baohite unit of work the same relation that the gravita- 
tion unit of force bears to the absolute unit of force. 

It is further evident, from the definition of the unit 
(quantity of work, that / units of force acting through a 
unit distance do / units of work, that the unit-force act- 
ing through a distance of d units does d units of work, 
^Xkd that /units of force acting through d units of distance 
do fd units of work. If, then, we look at the perform- 
ance of work from the point of view of the force which 
accomplishes it, we say that the quantity of work done is 
measured by the product of the working force and the diS" 
iance through which it overcomes the resisting force. 

If, on the other hand, we regard it from the point of 
view of the resistance overcome, we say, " the quantity 
of work done is measured by the product of the resisting 
force and the distance through which that force is over- 
come^^ (Maxwell.) These two measurements give the 
same numerical result ; for the distance is the same in 
both, and, as we have seen in discussing the law, reaction 
is equal to action^ the working force and the resisting force 
must also be equal. 

It must be noted that what is here called the working 
force is not always the same as the whole force applied. 
Imagine a man pushing a car by means of a horizontal 
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pressure not quite parallel to the track. To find the 
working^ or effective^ force in this case we resolve the to- 
tal pressure which the man exerts against the car into 
two components, one parallel to the track and the other 
at right angles to the track. The first of these compo- 
nents is the working^ or effective force. The second nei- 
ther helps nor hinders the movement of the car, save inci- 
dentally by affecting the friction which is overcome by 
the other component. 

Energy. — This is perhaps best defined as the power 
of doing work. 

When a body is in motion we recognize in it a power 
of overcoming resistance in virtue of that motion and 
its own inertia. This kind of energy we call Kinetic 
energy. 

On the other hand, we may find in a system composed 
of different bodies, or different parts of the same body, a 
state of BtresB (see definition of Stress under Force), an 
effort of the system to change its shape, state, or size, and, 
in virtiie of this streaSy a power of overcoming resistance. 
Such power is possessed by a system made up of the earth 
and any body raised above its surface, by a foot-ball dis- 
torted from its natural shape, or by a mixture of oxygen 
and hydrogen, etc. This kind of energy is called Poten- 
tial energy. 

Evidently, the two kinds of energy may coexist in a 
body. Frequently students entering college define ki- 
netic energy as the energy of a body in motion^ as if all 
the energy of a moving body must be kinetic. Some, 
also, will say that kinetic energy is energy which is doing 
work, thinking, for instance, that the potential energy of 
a raised pendulum is instantly turned into kinetic energy 
when the fall begins, and that whatever work is then ac- 
complished is done by the kinetic energy. 

The amount of any given store of energy is measured 
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by the amount of work it can do. Energy is therefore 
measured in the same units as work. There are gravita^ 
tion units of energy, like the foot-pound and kilogramme- 
tre, and absolute units of energy, like the foot-poundal 
and the erg. 

The amount of kinetic energy possessed by a body is 
easily calculated, if we know its mass m and its velocity 
V. The momentum of the body is, by definition, mv. 
Let this body encounter an opposing force of / absolute 
units, constant in magnitude and direction. From what 
has been given under Foroe we know that the mass will 
under these conditions lose its momentum at the rate of 
/ units per second. The number of seconds it will con- 
tinue in motion is, therefore, --^, and, since its motion 
is destroyed uniformly, its average velocity during this 
time is -r . Hence the total distance it travels is --?- X — 

2 / 2 

= — , and the work it does against the resistance / is 

/ X 7-T = — fnv\ which expression^ therefore^ represents^ 

in absolute units^ the amount of kinetic energy the body 
possessed when moving with the velocity v. If we should 
calculate in a similar way the work required to impart 
the velocity v to the mass 9n, we should of course obtain 
the same result. 

Expressed in gravitation units, which, as we have seen, 
are g times as great as the corresponding absolute units, 



mv 



9 



the kinetic energy of the body is evidently ^ 

The conditions upon which the potential energy of a 
system may depend are so numerous and so varied, that 
it is hardly worth while to give here formulas for the 
amount of such energy in any case except that of a body 
raised a short distance above the surface of the earth. 
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In dealing with such a case we assume that the poten- 
tial energy of the system formed by the earth and the 
body in question will be entirely spent when the body 
reaches the level of the earth's surface. With this un- 
derstanding the amount of potential energy of the system 
is evidently the product of the body's weight and its dis- 
tance above the earth's surface. The body's weight ex- 
pressed in gravitation units of force is tw, and this multi- 
plied by A, the height, gives for the potential energy mh 
gravitation units. The weight expressed in absolute 
units is mg^ and the potential energy in absolute units is, 
therefore, mgh. 

We may say in general terms, that the amount of poten- 
tial energy in a system is equal to the amount of work of 
all kinds that the system can do^ in virtue of the state of 
stress eodsting between its parts^ while changing from its 
present condition to that which may he considered as its 
natural^ or standard^ condition. 

What shall be considered the natural, or standard, con- 
dition of any given body, and, therefore, what amount of 
potential energy shall be represented to our minds by a 
given state of that body, depends upon the point of view 
from which we regard it. Thus, in one aspect the posi- 
tion in which a pendulum has no potential energy is that 
in which it hangs perpendicularly from its support. In 
another aspect its position of no potential energy is at 
the surface of the ground. 

There is a somewhat similar opportunity for different 
views concerning the amount of kinetic energy to be at- 
tributed to any body. For instance, a stone resting in 
the ground is perhaps usually considered as having no 
kinetic energy, but if the view be broadened somewhat, 
so as to recognize the motion of the earth, the stone has 
to be considered as possessing kinetic energy in virtue of 
its motion with the earth. 
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This ambiguity which we perceive in speaking of 
amounts of energy affects also the consideration of work. 
It may be said in general, that when one body gains 
energy at the expense of another, the latter does work 
upon the former. But cases like the following have been 
imagined : An arrow is shot from the rear of a moving 
train in such a way as to destroy entirely the motion 
which the arrow had in common with the train, so that 
it will fall vertically to the ground. Does the bow do 
work upon the arrow, or does the arrow do work upon 
the bow and the train ? 

This is much like asking whether the arrow leaves the 
bow or the bow leaves the arrow. For different pur- 
poses each view in turn would properly be taken. 

Conservation of Energy. — We recognize only two 
kinds of energy, — kinetic and potential; but special 
names are given to various forms in which these two 
kinds of energy appear, either singly or combined. Such 
forms are. Heat, Chemical Energy, Electrical Energy, 
Magnetic Energy, and ** Radiant '* Energy (the energy 
sent out in radiations from light-giving or beat-giving 
bodies). 

All such forms are so related that energy in any one 
of them may be turned into any or all of the others in 
succession and back finally to its first shape. 

In actually performing such a circle, or ct/cle<, of trans- 
formations we observe an apparent loss. We bring back 
to the original form a smaller amount of energy than we 
started with. Thus a ball thrown upward returns to the 
hand with diminished velocity. We must not, however, 
conclude from such trials that there is any real destruc* 
tion of energy in the processes of transformation. 

If we 'were to take a quantity of water filling a certain 
vessel and pour it into a dozens vessels in succession till 
we reached the first vessel again, this vessel would not 
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now be filled, but we should not infer from this any real 
destruction of the substance of the water. We should 
account for the apparent loss by the amounts left cling- 
ing to the sides of the vessels, or absorbed by them, 
or spilled, or evaporated, or possibly changed by chem- 
ical action into some different form of matter; and we 
should have not the slightest doubt that, if all these 
small amounts could be collected, they would just fill the 
space now empty in the vessel. This confidence is the 
result of long experience, which has taaght us to believe 
that matter cannot be destroyed. 

Equally long experience has been teaching the some- 
what more subtle truth that energy cannot be destroyed, 
that its apparent annihilation in its transformations, or 
wasting away without transformation, is to be explained, 
like the disappearance of water in the process described 
above, merely as an escape in various ways from the im- 
mediate s£sope of our observation. But so numerous, 
and in many cases obscure, are these ways of escapes, that 
their full extent and significance has been perceived only 
within quite recent years. 

The belief that energy cannot be destroyed or dimin- 
ished, and the converse belief that energy cannot be 
created or increased, — which latter belief is practically 
rejected by those who attempt to " invent perpetual mo- 
tion," — constitute the doctrine of the Conservation of 
Energy. All the familiar devices for the advantageous 
application of mechanical power, such as the Lever, the 
Inclined Plane, and the Hydraulic Press, are simple ex- 
amples of the truth of this doctrine, and their laws may 
be at once deduced from it* 

What is now called the Conservation of Energy was 
formerly called the Conservation of Force^ a phrase still 
sometimes used. The name *' force " was thus applied to 
that which is now called energy. At the same time it 
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had the signification to which in these pages it has been 
confined, — a push or a pull. This ambiguity of the word 
was not always perceived or remembered by those who 
used the phrase " conservation of force," and the result 
was a confusion of thought which must have seriously 
retarded the acceptance of the truth that phrase was in- 
tended to set forth. Even at the present day it has not 
ceased to be a stumbling-block to some eminent think- 
ers, and it should not be left to trip the feet of the be- 
ginner. 
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The definition of inertia given on page Sf of this pam- 
phlet was suggested by the following passage, and another 
similar to it, in Stokes' little book, On the Nature of 
Light : ^ " To account for undulations in this medium, 
we must attach to it the two radical conceptions of iner- 
tia and elasticity. First, a finite time must be required 
to generate in a finite portion of it a finite velocity by 
the action of a finite force," etc. 

A common definition of inertia is, the inability of mat- 
ter to set itself in motion or to stop itself. If we define 
it in this way, simply as an^ inability^ we are not at lib- 
erty to regard one body as having more or less inertia 
than another body, for evidently we cannot say that one 
body has more inability than another body. Now the 
use of the word inertia to denote a measurable property 
— a property of which one body may possess more or less 
than another body — is, as will presently be shown, by 
no means uncommon among physicists. The definition 
given in this pamphlet is perfectly consistent with this 
use, and at the same time it recognizes the inability which 
the other definition declares. 

It has been suggested, that, if there were need of a 
special name for this inability, inertness would, perhaps, 
convey nearly the proper notion ; but it seems hardly 
more necessary to give a special name to a body's inabil- 

^ Macmillan, 1884. 
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ity to change its own motion than to its inability to bend 
itself or to liquefy itself. 

Precedent and the authority of distinguished writers 
must be chiefly effective in deciding the meaning of 
terms ; and since there is sometimes sharp dispute as to 
what is the practice of good authorities in using the word 
inertia, certain quotations will not be out of place here. 

In Art. 216, vol. i., of Thomson and Tait's Natural 
Philo%ophy occurs the passage : ^^ Matter has an innate 
power of resisting external influences, so that every 
body, as far as it can, remains at rest, or moves uniformly 
in a straight line. This, the inertia of matter, is propor- 
tional to the quantity of matter in the body." It has 
been suggested that the second sentence of this passage 
should read thus : This, the inertia of a hody^ etc. This 
criticism seems to be a valid one, but there can be no 
doubt that it was the intention of the authors to regard 
inertia as a quantitative property of matter, a property 
admitting of measurement. 

' Maxwell, writing in Nature^ vol. xx. p. 214^ criticises 
the first sentence of this statement in the following 
words : *^ Is it a fact that * matter ' has any power, either 
innate or acquired, of resisting external influences? 
Does not every force which acts upon a body always 
produce exactly that change in the motion of the body 
by which its value, as a force, is reckoned ? Is a cup of 
tea to be accused of having an innate power of resisting 
the sweetening influence of sugar, because it persistently 
refuses to turn sweet unless the sugar is actually put 
into it ? '' 

This passage has made a strong impression upon some 

readers, and it is therefore necessary to call attention to 

the fact that these sentences of Maxwell are s omewha t 

^ difficult_ta Jieconcile with other statements in his writ* 

* ings. In chapter iv. of his Theory of Seat^ in defining 
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work, he says : ^^ Work is done when resistance is oveD- 
come." On page 101 of his Mixtter and Motion we read : 
^^ Work is the act of producing a change of configuration 
in a system in opposition to a force which resists that 
change." There can be no doubt that he regarded the 
act of setting a body in motion as the performance of ^ 
work ; that is, the overcoming of a resistance. Hence his 
criticism of Thomson and Tait is puzzling. The fact 
seems to be that Maxwell, perceiving that the words of 
Thomson and Tait might be interpreted as ascribing to 
matter a power of resisting in such a way, as to remain 
absolutely undisturbed by a small force, was thus led to 
use hastily as a critic language inconsistent with that 
which he used as an author. 

Maxwell seldom used the word inertia. In chapter 
iv. of his Theory of Heat he once uses mass in the same 
sense in which others use inertia^ saying that ^^ the sole 
unalterable property of matter is its maaa." Elsewhere 
in the same chapter, however, he speaks of mass as be* 
ing equivalent to ^' quantity of matter." If we were to 
put these two passages together, we should get the state^ 
ment that the sole unalterable property of matter is its 
quantity. The absurdity of this result shows simply ^ 
that Maxwell in this chapter uses mass in two senses. 
It does not appear, however, that he habitually used 
mass in any other sense than that of quantity of matter* 
On the other hand, speaking of what happens when a 
stream of water flowing in a tube is suddenly stopped, 
he says, in Art. 548, vol. ii., of his Electricity and Magnet' 
ism^ ^^ These effects of the i nerti a-Of the fluid in the tube 
depend," etc. Apparently, however, he in general pur- 
posely avoided the word inertia. 

On p. 61, vol. i., of his Theory of Sounds Lord Ray- 
leigh says, speaking of tuning-forks : ^^ the substance of 
the prongs near the bend may be reduced, the effect of 
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which is to diminish the force of the spring, leaving the 
yv\flu^^ inertia practically unchanged ; or the i nerti a may be in- 
creased [. . .] by loading the ends of the prongs," etc. 
On page 76 we find : ^^ If any diminution be made in the 
inertia of any of the parts of a system," etc., and ^' Con- 
versely any increase in the inertia increases," etc. Other 
passages from the book might be given, showing the 
same use of the word inertia. 

On page 42 of O. J. Lodge's Elementary Mechanics^ 
edition of 1879, occurs the passage : " Since inertia then 
is a characteristic property of all matter, it will serve to 
meaBure the quantity of matter in any given mass, and is 
always used for this purpose in Dynamics." And on the 
same page we read : ^^ They have all the same inertia, 
and therefore the same quantity of matter," etc. Curi- 
ously enough, the preceding page of the book defines in- 
ertia as " a certain characteristic negative property " of 
matter, *' which is simply its incompetency to change its 
own state, whether of rest or motion, by itself." This 
definition of inertia seems hardly consistent with the vig- 
orous quantitative function which he assigns to it in the 
sentences first quoted. 

In Bottoraley's Dynamics (London and Glasgow, 1877) 
we find on page 14 the following "Definition. — Two 
bodies are said to be of equal mass when they have equal 
inertia." 

In Anthony and Brackett's Elementary Physics^ Part I. 
p. 6, the following statement is made concerning mat- 
ter; "its distinctive characteristic is its persistence in 
whatever state of rest or motion it may happen to have, 
and the resistance which it offers to any attempt to 
change that state. This property is called inertia. It 
must be carefully distinguished from inactivity." On 
page 34 of the same book is the supplementary statement, 
" Inertia is not of itself a force, but the property of a 
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body, enabling it to offer a resistance to a change of 
motion." 

This discussion may well conclude with a passage 
pointed out to the author of this pamphlet by Professor 
B. O. Peirce, and which occurs on page 107 of Minchin's 
Uniplanar Kinematics. 

^^ Newton says : * The vis insita^ or innate force of 
matter, is a power of resisting by which every body, as 
much as in it lies, endeavors to persevere in its present 
state, whether it be of rest or of moving uniformly for- 
ward in a right line.' And in his remarks on the defini- 
tion, he says that ^ This vis insita may by a most signifi- 
cant name be called vis inertice. But a body exerts this 
force only when another force impressed upon it endeav- 
ors to change its condition ; and the exercise of this force 
may be considered both as resistance and impulse; it is 
resistance in so far as the body, for maintaining its pres- 
ent state, withstands the force impressed,' etc. 

" This terminology has been wholly ignored by English 
writers, and, as a result, the fact that a body exerts a 
hick (if we may use the expression for clearness of illus- 
tration) against any agent which acts on it by direct 
contact or through a medium for the purpose either of 
deviating its motion from a rectilinear course or of accel- 
erating its velocity, has been lost sight of. The student 
must carefully observe that the force of inertia of a mov- 
ing particle is not a force acting on the particle, but one 
exerted ly it on some agent direct or indirect — a kick 
against change of motion." 



The author has attempted in the body of this pam- 
phlet to find the most definite interpretation of the 
phrase quxintity of matter^ as commonly employed in 
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text-books of physics in comparing bodies which are 
difiEerent in kind. As a result of this investigation, it 
becomes plain that the meaning of the phrase, so used, 
is, and must be, somewhat indefinite and illogical, for 
the word matter conveys the notion of a group of several 
properties not necessarily proportional to each other in 
different bodies, while the quantity of this matter is con- 
sidered determined by reference to only one, or at most 
two, of these properties. 

It may well be questioned whether a phrase the mean- 
ing of which is necessarily so indefinite, which will not 
allow itself to be looked in the face, deserves to be called 
a scientific phrase ; but it appears to meet a certain want, 
and is found in the works of eminent physicists. The 
word ma9B^ which is commonly defined in text-books of 
physics as equivalent to quantity of matter^ has, when so 
used, nearly the same indefiniteness as the phrase which 
it replaces. 

But when the word mass, or its symbol m, is used in 
strict mathematical reasoning, it must have a perfectly 
definite signification. The purely mathematical meaning 
of mass, and the purely mathematical meaning of inertia, 
are brought together by ^^.v^^ jib-C Applied Mechanics^ 
p. 482) in the following sentence : " The Mass, or Iner- 
tiar-of a body, is a quantity proportional to the unbai- 
anced force which is required in order to produce a given 
definite change in the motion of the body in a given 
interval of time." This definition, which makes mass 
I and inertia the same thing, and which apparently makes 
Ithem simply a number^ gives to these terms all the mean- 
bng that is needed, or that can be expressed, in mathe- 
matical formulas. Similarly, force may be defined, and 
has been defined, as rate of change of momentum. Such 
definitions are admirable for their strict purpose in math- 
ematics, but the author of this pamphlet believes that 



